ABSTRACT The electrophoretic polymorphism of loci encoding for 10 enzymes was studied in Culex p. quinquefasciatus Say from six localities of Vietnam. The analysis of 11 "neutral genes" showed that differentiation among samples was low, but signiÞcant (Fst ϭ 0.06), and signiÞcantly related to geographic distance between sample sites. These results are similar to those observed in other countries (Europe and west Africa). A single type of overproduced esterases (A2-B2) was observed, and its frequency was high (60 Ð100%) in all samples. This situation is in sharp contrast with that observed in other countries of South East Asia (China, South Korea and Japan), where two or more types of overproduced esterases have been reported. A map summarizing the geographic distribution of Asian Cx. p. quinquefasciatus with overproduced esterases is provided.
A PRECISE UNDERSTANDING of the mechanisms that control the evolution of insecticide resistance in natural populations is one of the keys that will allow us to devise methods of resistance management (Lenormand and Raymond 1998) . One of the Þrst requirements is a precise monitoring of resistance genes over time and the geographic distribution of each species. Reports on temporal changes of resistance gene frequencies are limited to a very few species and geographic areas: the blow ßy Lucilia cuprina Wiedemann in Australia (Clarke 1997 ) and the mosquito Culex pipiens L. in southern France and Italy (Severini et al. 1997) . To increase the possibility of analyzing future changes and thereby improving our ability of managing resistance, Þeld observations should be documented. In 1995, we had the opportunity to sample Cx. p. quinquefasciatus from Hanoi to the Mekong Delta in Vietnam, a country where insecticide resistance had never been investigated. Sampling was carried out to investigate two questions: Was the pattern of gene ßow in South East Asia similar to that known in other continents? What were the overproduced esterases involved in resistance to organophosphorous insecticides present in this country as compared with those known in Asia, and more particularly in the south of China?
Culex pipiens is a ubiquitous species that colonizes a large variety of biotopes throughout temperate and tropical countries. Although it is the vector of various diseases, including Bancroft Þlariasis and encephalitis due to West Nile virus (Anderson et al. 1999) , it usually is controlled as a nuisance. Until recent years, control was done with organophosphorous insecticides, and resistance to these compounds has been reported in many countries. One of the most common resistance mechanisms is overproduction of detoxifying esterases . A recent study (McCarroll et al. 2000) pointed out that mosquitoes from Sri Lanka with a particular overproduced esterase (A2-B2) were less prone to transmit W. bancrofti than insects lacking esterase overproduction. Whether this result can be extended to all overproduced esterases and to other parasites remains to be tested. However, it is the Þrst hint that developing resistance to insecticides might affect humans in a positive manner. It further stresses the importance of knowing the precise geographic distribution overproduced esterases in Cx. pipiens mosquitoes.
Materials and Methods
Culex pipiens (quinquefasciatus subspecies) larvae were collected at six localities in Vietnam (Table 1) , reared to adult, and stored in liquid nitrogen until further processed. Starch gel electrophoresis (Pasteur et al. 1988 ) was used to investigate polymorphisms among overproduced esterases (EC 3.1.1.1 or EC 3.1.1.2) and 11 other genes coding aspartate aminotransferases (AAT, EC 2.6.1.1), glucose-phosphate isomerase (GPI, EC 5.3.1.9), ␣-glycerophosphate dehydrogenase (GPD, EC 1.1.1.8), hexokinase (HK, EC 2.7.1.1), isocitrate dehydrogenases (IDH, EC 1.1.1.42), malate dehydrogenase (MDH, EC 1.1.1.37), malic enzyme (ME, EC 1.1.1.40), mannose-phosphate isomerase (MPI, EC 5.3.1.8), and phospho-gluco-mutase (PGM, EC 2.7.5.1). Allozymes of Þeld mosquitoes were identiÞed by comparing their electrophoretic mobility to that present in mosquitoes of laboratory reference strains run on the same gels. Reference strains included BARRIOL, TEM-R, SELAX, and VIM that were homozygous for the overproduced esterases A1 (Chevillon et al. 1995), B1 (Georghiou and Pasteur 1978) , A2-B2 (Wirth et al. 1990) , and A4-B4 (Poirié et al. 1992) , respectively, as well as GOT2, a strain isolated from Tunisa in 1996 (Ben Cheikh et al. 1998 ). Non-esterase allozymes of strains BARRIOL, SELAX, VIM, and GOT2 at the time of the current study are given in Table 2 . Statistical analyses of genetic data were done using GENEPOP software, version 3.1 d Rousset 1995, Rousset 1997) .
Results and Discussion
In 1995, only A2-B2 overproduced esterases was found in Vietnam (Table 3) , and these had the same electrophoretic mobility as esterases of the SELAX reference strain (Wirth et al. 1990 ). A2-B2 esterases were present in Ն60% of the mosquitoes collected in the city of Hanoi (samples B and C) and in Ն90% of those collected elsewhere. Overproduction of A2-B2 esterases is due to the co-ampliÞcation of two alleles of the Est-3 and Est-2 structural genes, respectively (Rooker et al. 1996 , Vaughan et al. 1997 . Several studies conducted at the molecular level have shown that the ampliÞed sequence containing these alleles is the same and independent of the location of Cx. pipiens collection (Raymond et al. 1991 , Guillemaud et al. 1996 , Callaghan et al. 1998 . This was the case of A2-B2 esterases present in sample H (Callaghan et al. 1998) .
The study of "neutral" genes (Table 4 ) revealed no signiÞcant (P Ͼ 0.05) deviation from HardyÐWein-berg expectations, and no signiÞcant genotypic linkage disequilibrium between pairs of "neutral" genes and between these genes and sex (P Ͼ 0.05, when considering multiple tests, Holm 1979). Similarly, there was no signiÞcant association between the presence of A2-B2 and the genotypes of the "neutral" genes. Genetic differentiation among these "neutral" genes was low over all loci (Fst ϭ 0.06), but highly signiÞcant (P Ͻ 0.0001), due to variation within seven of the 11 loci studied. Isolation by distance was analyzed following Rousset (1997) , using the Spearman rank correlation statistics between genetic differentiation expressed as Fst/(1-Fst) and the natural logarithm of geographic distance among sample pairs. Independence (null hypothesis, i.e., no correlation) between these two parameters was rejected (P ϭ 0.009), and the slope of the regression was positive (b ϭ 0.031, considering samples separated by Ͼ5 km, Fig. 1 ). Isolation by distance over geographic ranges similar to those studied here (e.g., 1,000 Ð1,500 km) also has been observed in west Africa (Burkina Faso and Ivory Cost, Chandre 1998), in Italy (Silvestrini et al. 1998) , and on the Mediterranean coast of France and Spain , Silvestrini et al. 1998 . Therefore, in Vietnam, the population structure of Cx. pipiens presents no unusual features compared with other areas where ecological conditions are very different. The high frequency of A2-B2 observed in all samples probably is related to intensive use of organophosphorous insecticides for plant protection and public health. Their presence in Vietnam is not surprising, because they were present in 1990 in Asia (Japan, China, Thailand, Pakistan, Sri Lanka, Saudi Arabia, and Israel), Africa (Tanzania, Congo, Nigeria, Burkina Faso, Mali, Ivory Coast, Senegal, Egypt, and Tunisia), Europe (Cyprus, Greece, Italy, and France), North America (United States), and Caribbean (see references in Raymond et al. 1991) . More interesting was the fact that A2-B2 were the only overproduced esterases observed in Vietnam. This situation is in sharp contrast to that observed in southern China where, in addition to esterases A2-B2, esterase B1 and esterases A8-B8 have been reported (Qiao and Raymond 1995; Qiao et al. 1998 Qiao et al. , 1999 Liu et al. 2000) . Two other overproduced esterases also may be present in China: B6 in Guangzhou and B7 in Chengdu (Xu et al. 1994) , although further evidence is required.
The evolution of the distribution of overproduced esterases is documented poorly in Cx. pipiens in Asia. When considering the date of collection of strains in which esterases were studied, it appears that esterases of high activity associated with resistance to organophosphates were Þrst found in 1969 in Rangoon, Burma (Stone and Brown 1969, Dorval and Brown 1970) , and in Amagasaki, Japan (Yasutomi 1970) . In Japan, strains collected before 1969 did not contain such esterases (Maruyama et al. 1984) , indicating that the Amagasaki strain probably was collected at the onset of the appearance of these enzymes. These early esterases were difÞcult to identify with certitude. By comparing photographs of electrophoregrams published by Yasutomi (1983) , Miyata et al. (1984), and Maruyama et al. (1984) and taking into account the comparisons they did of various Japanese strains with the "Koza strain" (Okinawa) collected in 1977 and also studied by Georghiou (1992) , it seems reasonable to assume that the esterases of the Amagasaki strain were A2-B2, and that another esterase, probably B1, was present in strains from Nagoya and Tokushima, both collected in 1979 and studied by Maruyama et al. (1984) . We compiled studies on esterases that have been performed on Asian strains or Þeld samples (Table 5) , and provide a map (Fig. 2) of their distribution. As previously noted, esterases A2-B2 now have been observed throughout Asia, from Japan in the east to Israel and Saudi Arabia in the west. Esterase B1, which also is present in the Americas (where it was Þrst found in California in 1974, Georghiou and Pasteur 1978) and in PaciÞc islands , appears to be limited to China (from Beijing in the north to Guangzhou and Kunming in the south), South Korea, and Japan. Esterase A1 was observed in Israel, which is in agreement with the distribution of this esterase being limited to the Mediterranean area. Finally, esterases A8-B8 (and possibly esterases B6 and B7, see above) have been reported only in China. It should be noted that the data compiled in Table 5 cannot be used to infer the date of Þrst occurrence of a speciÞc esterase in any country, because Þeld data showing that they were absent before this date are not available, with the possible exception of Japan.
